ABSTRACT This paper presents a novel four-pole system for line-commutated converter high-voltage direct current transmission with a quad 12-pulse operation. This system aims to eliminate a ground electrode or metallic return and increase the reliability and density of power transmission. The operating principles of this system are presented, followed by a detailed mathematical analysis of a conventional bipolar and the proposed four-pole systems. The mathematical results show that the proposed four-pole system has the following advantages: 1) it has four effective parallel 12-pulse dc circuits instead of only two, similar to a bipolar system; 2) it increases the reliability and density of power transmission; 3) it can avoid using a neutral conductor (metallic return) or the ground electrode that injects dc current into the ground; and 4) it efficiently facilitates power transmission due to relatively low line-to-line dc voltage levels. A complete simulation of the proposed four-pole system and the conventional bipolar system is performed using MATLAB/Simulink. The simulation results show that the proposed four-pole system configuration can eliminate the ground electrode or metallic return, produce four effective parallel dc circuits at low lineto-line dc voltages with quad 12-pulse operations, and increase the reliability of the system. In addition, phase-to-ground ac faults and pole-to-ground dc faults have been efficiently cleared.
I. INTRODUCTION
High-voltage direct current (HVDC) transmission is important for long-distance and large-power transmissions, it interconnects asynchronous AC systems having the same or different frequency and used for submarine cable transmission [1] , [2] . These applications can produce great benefits from the perspective of reliability performance [3] . HVDC systems can be classified into monopolar (1PS) and bipolar (2PS) system configurations [1] - [4] . The basic HVDC transmission is a 1PS configuration which involves a single 12-pulse converter on each side of a positive/negative HVDC line with a grounded neutral and ground/sea electrode or metallic return [1] .
A multipole HVDC power transmission is an important method for increasing reliability and power density transmission. Power density is MW per meter of rights-of-way. Theoretically, based on the 1PS configuration, the multipole system (MPS) can be extended to any pole number [5] .
For example, a symmetric tri-pole HVDC link with ground transfer breakers and tri-pole HVDC link with a common metallic return is presented in [5] . The application of the tripole in [5] is limited to voltage source converter (VSC) transmission systems. The disadvantage of the proposed tri-pole HVDC system in [5] is that it requires additional DC switches for a ground transfer. The Skagerrak HVDC transmission system is another example of the MPS. The Skagerrak HVDC system comprises a quad-pole HVDC link for transmitting the rated power of 1700 MW [6] . The main drawback of this system is combining LCC (poles 1, 2, and 3) and VSC (pole 4) in a hybrid parallel of two 2PS with a common ground electrode arrangement. Power reversal with a conventional LCC is accomplished by a converter polarity reversal, whereas power reversal with a VSC is achieved by a current reversal. To eliminate this problem, the VSC converters were designed with a full DC voltage insulation level on both sides and equipped with rapid DC polarity reversing switches for scheduled power direction reversals. These upgrades result in additional cost to the Skagerrak system.
The disadvantage of using the ground electrode or metallic return in HVDC systems are presented as follows: (i) The ground electrode or metallic return must be designed to withstand a full system current [3] . This upgrade results in an additional cost to the HVDC transmission system. (ii) DC current flows into the ground when an HVDC system uses the ground electrode as its current return path, thereby producing severe adverse effects in an area that extends to approximately 10s km radius around each electrode [2] , [3] , [7] . These adverse effects include corrosion of buried metallic structures. According to [3] , DC ground currents can cause electrolysis on buried metals embedded in the earth (i.e. cable sheaths and pipelines). Another adverse effect is DC's bias to transformers of AC power systems. Certain DC current flows through the transformers in the AC substations if their neutral points are grounded. Consequently, the transformers may be forced under a DC bias [8] - [11] , thereby causing vibration and audible noise [12] , [13] . Harmonics is also produced in large quantities that can decrease power quality [14] .
In the present study, a new four-pole HVDC transmission configuration based on an LCC with thyristor valves is proposed. The proposed configuration consists of four ungrounded HVDC transmission lines, that is, two at a positive voltage and two at a negative voltage. Such a system is called a four-pole system (4PS). In the 4PS, the power transfer is economically achieved through four effective parallel DC circuits at relatively lower line-to-line DC voltage levels. The proposed system aims to (1) avoid using a metallic return or a ground electrode and (2) increase the reliability and density of power transmission.
Furthermore, the operational concepts of the proposed system are illustrated, and the differences between the proposed system and the conventional 2PS are analysed. A simple configuration is proposed to convert an existing LCC-HVDC 2PS with double 12-pulse converters into a 4PS with quad 12-pulse converters. A proposed 4PS simulation model based on LCC HVDC transmission with thyristor valves was built to validate the concepts of the proposed system and its capability for bulk DC power transmission between two AC systems with different frequencies. The conventional 2PS analysis and simulation are used in this study in addition to the standard reference for the comparison. Complete simulations (4PS and 2PS) during a normal operation, phase-to-ground AC fault and pole-to-ground DC fault are conducted. The simulation confirms the theoretical results.
II. PROPOSED 4PS AND ITS OPERATIONAL CONCEPTS A. SYSTEM CONFIGURATIONS AND OPERATING CHARACTERISTICS
The LCC HVDC transmission system configurations are shown in Fig. 1 . In the figure, a1, b1, c1 comprise the threephase AC system 1, whereas a2, b2, c2 comprise the threephase AC system 2. The Y 1_R, D1_R, Y 2_R, D2_R and Y 1_I , D1_I , Y 2_I , D2_I are six-pulse rectifier and inverter bridges, respectively. Each six-pulse bridge converter (rectifier or inverter) is connected to an AC system through a three-phase transformer. The transformers Yg/Y 1 and Yg/Y 2 are connected in wye-grounded/wye, and the transformers Yg/D1 and Yg/D2 are connected in wye-grounded/delta to provide a 30
• phase shift necessary for 12-pulse converter operation, enabling partial harmonic cancellations on AC and DC sides.
A conventional 2PS is shown in Fig. 1(a) consisting of HVDC line 1 with positive polarity (+L1), HVDC line 2 with negative polarity (−L2), and electrode (L3) between two grounded neutral points C1 and C2. Each pole consists of a single 12-pulse converter at each end of the HVDC line. This provides two parallel independent HVDC circuits with 12-pulse operation. Each circuit is capable of 50% of the total capacity. Therefore, a conventional 2PS has four operating modes, which are shown in Table 1 . Since, each serial connection of two six-pulse converter bridges operates as a single 12-pulse converter. Hence, in Fig. 1(a) the conventional 2PS only consists of double 12-pulse converters on each side, namely, (Y 1_R and D1_R) and (Y 2_R and D2_R) on the rectifier side, and (Y 1_I and D1_I ) and (Y 2_I and D2_I ) on the inverter side. The proposed 4PS is shown in Fig. 1(b) consisting of four poles instead of two, similar to a 2PS. The proposed 4PS is created by connecting two-negative polarity six-pulse bridges Y 1_R, Y 2_R with two-positive polarity six-pulse bridges D1_R, D2_R through a common point at C1 at the rectifier side. At the inverter side, two-positive polarity sixpulse bridges Y 1_I , Y 2_I and two-negative polarity six-pulse bridges D1_I , D2_I are connected through a common point at C2.
The opposite polarity of each six-pulse bridge also represents the system poles. The HVDC line 1 (+L1) and HVDC line 3 (+L3) are positive, HVDC line 2 (−L2) and HVDC line 4 (−L4) are negative, and neutral points C1, C2 are not grounded. This setup provides four parallel independent HVDC circuits with 12-pulse operation. Each circuit is capable of 50% of the total capacity. This is because the sixpulse bridges and HVDC lines in this system share the DC voltage between them. Therefore, a proposed 4PS has six operating modes, which are shown in Table 2 . Figures 1(a) and 1(b) shows that although both systems have four six-pulse converter bridges at each side (rectifier and inverter sides), our proposed configuration has the effective mechanism of a quad instead of double 12-pulse converter similar with those in the conventional 2PS. Another perspective is that each serial connection of the two six-pulse converter bridges is operating as a single 12-pulse converter, namely, (Y 1_R and D1_R), (D1_R and Y 2_R), (Y 2_R and D2_R), and (D2_R and Y 1_R) on the rectifier side and (Y 1_I and D1_I ), (D1_I and Y 2_I ), (Y 2_I and D2_I ), and (D2_I and Y 1_I ) on the inverter side. Fig. 2 illustrates the reliability logic diagrams for 2PS and 4PS systems. These diagrams are built by combining between Tables 1 and 2 , respectively. Each circuit in 2PS and 4PS have the same components and capable of 50% of the total capacity. The reliability of one circuit of the 4PS is equal to that of one circuit of the 2PS.
B. RELIABILITY EVALUATION OF THE PROPOSED SYSTEM
The dependency relationship between two or more components in the subsystems are expressed in two ways [3] : (i) Series dependency, the failure of one or more seriesdependent components results in a complete failure of the subsystem; (ii) Parallel dependency, the failure of one or more parallel-dependent components may not result in a subsystem failure but may limit the subsystems' rated capacity. The outage effects of each component (six-pulse bridge and DC line) on the conventional 2PS reliability performance can be categorized into series-dependent components. Whereas, the outage effects of each component (six-pulse bridge and DC line) on the proposed 4PS reliability performance can be categorized into series/parallel dependency components (common components). Therefore, the proposed 4PS has four effective parallel circuits instead of only two, similar to the conventional 2PS. As a result, the reliability of the proposed 4PS has improved over the 2PS.
The transmission capacity of the whole system for 2PS and 4PS at each pole capacity (as summarized in Tables 1 and 2 (2), correspondingly.
(1)
where C 2PS and C 4PS are the available capacities of 2PS and 4PS, respectively. In Equation (1), C1 = C8 = 100% in the system capacity, and C2 = C3 = C4 = C5 = C6 = C7 = 50% in the system capacity. However, in Equation (2), C1 = C14 = 100% in the system capacity, and (1) and C6 and C7 into Equation (2), the transmission capacity of the whole 2PS is 0, whereas those of the 4PS is 50%.
C. THEORETICAL ANALYSIS OF POWER TRANSMISSION CAPABILITY
The equivalent circuit for 2PS and 4PS LCC HVDC transmission systems under steady-state operation is shown in Fig. 4 (a) and (b), respectively. In the figure,
are DC terminal voltages of the six-pulse rectifier and inverter bridges, respectively. In Fig. 4(a) , the i d1 , i d2 , i d3 and R 1 , R 2 , R 3 are the DC current and resistance of lines +L1, −L2, L3, respectively. In the Fig. 4(b) , the i d1 , i d2 , i d3 , i d4 and R 1 , R 2 , R 3 , R 4 are the DC current and resistance of lines +L1, −L2, +L3, −L4, respectively. A mesh analysis performed around each loop of the 2PS in Fig. 4(a) is shown as follows:
Loop 1:
Loop 2:
A mesh analysis around each loop of the 4PS in fig 4(b) is also shown as follows: Loop 1:
Loop 2: Loop 3:
Loop 4:
Let, i 2PS and i 4PS be the corresponding values of the DC line currents for 2PS and 4PS as in Equations (3) and (4), respectively.
at loop 2 operation
Considering Equations (3) and (4), the loop currents 1 and 2 in 2PS can be summarized as Equations (5) and (6):
The loop currents 1, 2, 3, and 4 in 4PS can be summarized as Equations (7) to (10):
Let, R 2PS and R 4PS be the corresponding resistance values of the DC conductor for 2PS and 4PS as in Equations (11) and (12), respectively, (neglecting skin effect resistance).
By substituting Equation (11) into Equations (5) and (6), the DC power transmitted per circuit in the conventional 2PS are: Equation (13) indicates that each circuit (loop current) in 2PS is capable of 50% of the total system capacity.
Furthermore, by substituting Equation (12) into Equations (7) to (10), the DC power transmitted per circuit in the proposed 4PS are:
Equation (14) indicates that each circuit (loop current) in 4PS is capable of 50% of the total system capacity.
D. POWER CAPACITY AND POWER LOSSES ANALYSIS
Generally, the six-pulse bridge converter operates as a rectifier and an inverter. The six-pulse rectifier and inverter bridges of HVDC systems have similar components [3] . Thus, the same thyristor valves are used, and the same voltage rate of the six-pulse bridge converters can be obtained in 2PS and 4PS. Switching losses of thyristor valves in both systems 2PS and 4PS are same and neglected (negligible). The relationships between the DC voltage and DC current for the six-pulse converter are given by [15] . Thus, the following equations are addressed:
where, V LL is the value of the line-to-line AC voltage (in rms), i d is the DC current, and α R , α I are the firing angles of the rectifier and inverter, respectively. The terms R c_R i d and R c_I i d in Equations (15) and (16) represent the voltage drop due to commutation and not physical resistance drop. This voltage drop is due to a three-phase transformer leakage inductance [15] . The total DC power capacity and power losses in six-pulse bridges and HVDC lines in the conventional 2PS can be calculated as in Equation (17) by substituting Equations (15) and (16) into Equation (13) 
where, P 2PS is the total power transmitted by the conventional 2PS, n = 2 is the DC circuit number (loop current). 3
is the DC output power at the rectifier side per six-pulse bridge, and 3
is the DC input power at the inverter side per six-pulse bride. The power losses per six-pulse rectifier and inverter bridges are represented by i 2 2PS R c_R and i 2 2PS R c_I , respectively. The power loss per HVDC line is i 2 2PS R 2PS . By contrast, the total DC power capacity and power losses in six-pulse bridges and HVDC lines in the proposed 4PS can be calculated as in Equation (18) by substituting Equations (15) and (16) into Equation (14)
where, P 4PS is the total power transmitted by the proposed 4PS, n = 4 is the DC circuit number. 3
is the DC input power at the inverter side per six-pulse bridge. The power losses per six-pulse rectifier and inverter bridges are represented by i 2 4PS R c_R and i 2 4PS R c_I , respectively. The power loss per HVDC line is i 2 4PS R 4PS .
E. CURRENT RETURN PATH
In the Figs. 4(a) and 4(b), two nodes (C 1 and C 2 ) are defined at each end of the DC link. Thus, Kirchhoff's current law can be applied at node C 1 or C 2 . The ground or neutral current i d3 in 2PS is
at loop 2 mode for equating currents in line 1 (i d1 ) and line 2 (i d2 ), such as the case of a normal mode operating. The ground or neutral current is i d3 = 0, whereas for unbalance currents, such as the case of monopolar mode operating (see Table 1 ) or i d1 = i d2 . The ground or neutral current i d3 is equal to i d1 , i d2 or i d1 − i d2 , respectively. In 4PS, according to Kirchhoff's current law, the algebraic sum of currents into/out of a node C 1 or C 2 ( Fig. 4b) at any instant is
According to Equation (20), when the 4PS operated in normal mode or bi-pole outage mode (see Table 2 ) the ground electrode or neutral conductor in the proposed 4PS is not required. However, according to Equation (19), the ground electrode or neutral conductor in 2PS is required. As a result, in 2PS the neutral conductor (metallic return) or ground electrode must be designed to withstand full system current for monopolar HVDC system operating mode.
F. A COST COMPARISON OF 2PS AND 4PS TRANSMISSION LINES
The proposed 4PS and a conventional 2PS must be compared with the same power transmitting P 4PS = P 2PS = P and the same line losses. The distances of the transmitted DC power for the 2PS and 4PS are the same. For the same DC voltage rating of a six-pulse bridge unit, Equations (15) and (16) can be written as follows:
where, V d_R and V d_I are the DC terminal voltage of the sixpulse rectifier and inverter bridges, respectively. By substituting Equations (21) into Equation (13), the lineto-ground DC voltage at the rectifier side of loops 1 and 2 in the 2PS is 2V d_R . The DC line current per circuit in the 2PS is
where P is the total DC power transmitted. By substituting Equations (21) into Equation (14), the lineto-line DC voltage at the rectifier side in the 4PS is 2V d_R . The DC line current per circuit in the 4PS is The reduction in the conductor cross-sectional area of the 4PS over the 2PS and the overall cumulative size of conductors (OCSC) can be determined.
In Equations (17) and (18), the total DC power losses by two HVDC lines in the 2PS and four HVDC lines in the 4PS can be expressed as Equations (24) and (25), correspondingly.
where W 2PS and W 4PS are the total power losses by two HVDC lines in the 2PS and four HVDC lines in the 4PS, respectively. A 2PS and A 4PS are the cross-sectional areas of the conductor in square meters for the 2PS and 4PS, correspondingly; ρ is the resistivity of conductor material; and l is the conductor length in meters. Equations (22) and (23) are substituted into Equations (24) and (25), respectively.
Equating lines losses for 2PS and 4PS as in Equations (28) to (30);
Equation (29) expresses the result for the ratio of transmission line areas as A 4PS A 2PS = 0.5, whereas Equation (30) presents the result for the ratio of transmission line currents as i 4PS i 2PS = 0.5. Practically, the conventional 2PS transmission system is conducted using either two HVDC lines with ground electrode return or two HVDC lines with a metallic return. By contrast, the proposed 4PS requires four HVDC transmission lines without ground electrode return or metallic return for transmission. Thus, we generate two cases as follows:
Case 1: A conventional 2PS with ground electrode return requiring two HVDC lines for transmission and, a proposed 4PS requiring four HVDC lines for transmission. The OCSC required in 2PS is
By contrast, the OCSC required in 4PS is
The ratio of OCSC 4PS to OCSC 2PS is 1. 
Case 2:
In accordance with Equation (19), a conventional 2PS with a metallic return requires three HVDC lines for transmission. The three lines must be designed to withstand a full system current for a monopolar HVDC system operating mode. Therefore, the OCSC required in the 2PS with a metallic return is
The ratio of OCSC 4PS to OCSC 2PS(3−line) is 8 12. Thus, the overall cumulative size of conductors in the proposed 4PS is reduced by 33.3% compared with the conventional 2PS with a metallic return.
G. TRANSMISSION POWER DENSITY ANALYSIS
In subsection F, the 2PS and 4PS are assumed to have the same power rating. The 2PS and 4PS HVDC transmission systems of overhead conductors with similar DC voltage of six-pulse bridge converter unit are considered to perform power transmission density analysis. The conductors for 2PS and 4PS are arranged uniformly within the radius of r 2ps and r 4ps from the center point, respectively, as shown in Fig.5 . Under steady state operation condition: In 2PS the current flows through two conductors (line 1 and line 2), and no current flows in ground (line 3). The absence of a current flow in line 3 results in only one line-to-line voltage, which is a serial connection of four six-pulse bridge voltages at rectifier and inverter sides. Considering Equation (21) the Equations (5) and (6) can be written as Equation (34);
In the 4PS, from Equations (7) to (10) the current flows through four loops, which contributes to the four line-to-line voltages at the rectifier and inverter sides. Each line-to-line voltage is a serial connection of two six-pulse bridge voltage at rectifier and inverter sides. Considering Equation (21) the Equations (7) to (10) can be written as Equation (35);
where, 4V d_R and 4V d_I in Equation (34) and 2V d_R and 2V d_I in Equation (35) are line-to-line DC voltage at rectifier and inverter, respectively. From Equations (34) and (35), the line-to-line voltage of 4PS is only half of that in the 2PS.
Theoretically, the intensity of the electric field distribution between the conductors and the insulation depends mainly on the voltage levels and distance d. As the line-to-line voltage level is reduced, the electric field stress is decreased and the line-to-line distance d and the insulation level can be VOLUME 7, 2019 optimized as well, leading to a more compact transmission lines. Based on Equations (34) and (35), the land width of the 2PS line arrangement is 2d, which is within the circle of radius r 2PS as show in Fig. 5(a) . Meanwhile, the land width of the 4PS line arrangement is the side length d of the square in the circle of radius r 4PS , as shown in Fig. 5(b) . The land width occupied by the 4PS lines arrangement is 0.5 times that of the 2PS arrangement. Hence, the land width of 4PS is reduced by 50% compared to 2PS.
Generally, the following equation is refereed for n conductors bundle:
where r is the radius of the circle in meter, d is the distance between two conductors, and n is the conductor number. Considering n is equal to 2 and 4 for the 2PS and 4PS line arrangements, respectively, the radius r 2PS and r 4PS are d and d √ 2, respectively. Apparently, the space radius occupied by the 4PS lines arrangement is 1 √ 2 times that of the 2PS. Thus, the density of power transmission, which is the power capacity transmitted in a unit space radius for 4PS and 2PS, can be expressed as Equations (37) and (38), respectively. 
H. COMPARISON RESULTS
The detail comparison results are summarized in Table 3 , in this comparison, the conventional 2PS as shown in Fig. 1(a) is considering as a reference (standard) for comparison with proposed 4PS as shown in Fig. 1(b) . From Table 3 , for the same power transmitted the proposed 4PS contribution to; (1) eliminate ground electrode or neutral conductor (metallic return); (2) increase number of parallel 12-pulse circuits and the reliability of 4PS have improved remarkably; (3) increase the density of power transmission; (4) reduced the OCSC required; (5) reduced line-to-line voltage level; (6) reduced DC line current; (7) reduced land width occupied by transmission lines; (8) reduced the six-pulse bridge losses.
III. SIMULATION VERIFICATION AND RESULTS

A. SYSTEM DESCRIPTION
A 2000 MW HVDC transmission simulation model performed in MATLAB/SIMULINK is implemented to verify the feasibility of the proposed 4PS and the conventional 2PS. Fig. 6(a) and (b) demonstrate the simulation model of the 2PS and 4PS transmission systems, correspondingly. In these two simulations, the rectifier side of the HVDC systems is connected to AC system 1 with 500 kV and 60Hz at bus bar Brec. The inverter side is connected to AC system 2 with 345 kV and 50 Hz at bus bar Binv, which is located 300 km from System 1. The detailed parameters are listed in Table 4 . The HVDC lines for the 2PS and 4PS are arranged uniformly, as illustrated in Fig. 5(a) and (b) , respectively. Neutral points C1 and C2 are not grounded in the 4PS but are grounded in the 2PS. The 2PS and 4PS configurations use the same converter units and overall cumulative cross-sectional area of transmission lines. This procedure aims to demonstrate the 4PS performance in managing power flow between two AC systems with different frequencies. By contrast, the conventional 2PS are used in this simulation in addition to the standard reference for the comparison. The system is modified based on [16] , which is a 12-pulse monopolar HVDC transmission system rated at 1000 MW , 500 kV and 2 kA with AC systems at both ends. The power losses of the proposed 4PS and the conventional 2PS are also simulated in terms of the voltage drop in transmission line resistance and the voltage drop in equivalent commutation resistance (transformer leakage inductance) R c_R and R c_I at each converter transformer.
The simulation model of the 2PS and 4PS also adopts the same control modes as [16] with the modification on the rectifier and inverter controls for the 4PS control. The rectifier controls the currents i d1_R , i d2_R , i d3_R , i d4_R at reference current i d_ref , whereas the inverter controls the voltages V Y 1D1_I , V D1Y 2_I , V Y 2D2_I , V D2Y 1_I and currents i d1_I , i d2_I , i d3_I , i d4_I at a reference voltage V d_ref and reference current i d_ref , respectively.
B. NORMAL MODE OPERATION
Figs. 7 and 8 present the simulation results of the 2PS (Fig. 6(a) ) for verifying the normal mode operation of the rectifier and inverter sides, respectively. By contrast, Figs. 9 and 10 present the simulation results of the 4PS (Fig. 6(b) ) for verifying the normal mode operation of the rectifier and inverter sides, respectively. In this simulation (2PS and 4PS), all six-pulse bridges on the rectifier and inverter sides are enabled by the master control, and the power transmission is initialized by ramping the reference current i d_ref at t = 0.02s. The reference current reaches 0.1 pu within 0.3 s. The rectifier and inverter currents start to build up, and the rectifier and inverter DC voltages are charged at a nominal value of 1 pu. At t = 0.4 s, the reference current is ramped from 0.1 pu to 1 pu in 0.18 s(5pu/s). The DC currents reach a steady state at 0.58 s to 1.4 s. At 1.4 s, the stop sequence is initiated by ramping down the currents to 0.1 pu. At 1.7 s, the pulses from the master control are blocked all six-pulse bridges on the rectifier and inverter sides in the 2PS and 4PS.
The waveform of AC voltages V a1 , V b1 , V c1 , line currents i a1 , i b1 , i c1 , active power P 1 and reactive power Q 1 are measured at bus bar Brec (see Fig. 6 ) of AC system 1, as depicted in Figs. 7(b-d) for the 2PS and Figs. 9(b-d) for the 4PS, respectively. The waveform of AC voltage V a2 , V b2 , V c2 , line currents i a2 , i b2 , i c2 , active power P 2 and reactive power Q 2 are measured at bus bar Binv (see Fig. 6 ) of AC system 2, as demonstrated in Figs. 8(b-d) and Figs. 10(b-d) for the 2PS and 4PS, correspondingly. The AC powers of simulation results at AC systems 1 and 2 for both systems 2PS and 4PS are summarized in Table 5 . Positive active power indicates that the rectifier draws active power from AC system 1. Negative active power indicates that the inverter delivers active power to AC system 2. By contrast, positive reactive power indicates that the rectifier and inverter absorb reactive powers from the AC systems. From Table 5 , for the same power transmitted the total AC active power losses by proposed 4PS and conventional 2PS are the same. Moreover, the rectifier and inverter sides in both systems 2PS and 4PS are consuming approximately same reactive power.
For the 2PS, Fig. 7(j) exhibits the line-to-ground DC voltages V Y 1D1_R , V Y 2D2_R with similar values at 1 pu. Fig. 8(j) displays the line-to-ground DC voltages V Y 1D1_I , V Y 2D2_I that track the reference voltage of inverter V d_ref at 1 pu. The rectifier currents i d1_R , i d2_R and the inverter currents i d1_I , i d2_I presented in Figs. 7(k) and 8(k), correspondingly, are tightly tracking the reference current of the rectifier i d_ref and inverter i d_ref at 1 pu. In addition, in Figs. 7(k) and 8(k), the current flows through the ground electrode is i d3_R = i d3_I = 0. The firing angles of the rectifier α 1_R , α 2_R and inverter α 1_I , α 2_I at the steady state between 0.58 and 1.4 s are 16
• and 143
• , respectively. Figs. 7(l) and 8(l) illustrates the results of the rectifier and inverter firing angles.
By contrast, for the 4PS, Fig. 9 (j) depicts the line-
with similar values at 1.03 pu. Fig. 10(j) demonstrates the line-to-line DC voltages V Y 1D1_I , V D1Y 2_I , V Y 2D2_I , V D2Y 1_I that track the reference voltage of inverter V d_ref at 1 pu. Figs. 9(k) and 10(k) exhibits that the rectifier currents i d1_R , i d2_R , i d3_R , i d4_R and the inverter currents i d1_I , i d2_I , i d3_I , i d4_I , respectively, are tightly tracking the reference current of the rectifier i d_ref and inverter i d_ref at 1 pu. The firing angles of the rectifier α Y 1_R , α D1_R , α Y 2_R , α D2_R and inverter α Y 1_I , α D1_I , α Y 2_I , α D2_I at a steady state between 0.58 and 1.4 s are 6.5
• and 145
• , correspondingly. Figs. 9(l) and 10(l) display the results of the rectifier and inverter firing angles. Finally, Figs. 7-10 exhibit that the voltages and currents during the normal mode operation are not excessive current capacity and voltage stresses for an extended period.
C. MONO-POLE AND BI-POLE IN FAILURE MODES OPERATIONS
Figs. 11 and 12 display the simulation results of the monopole failure mode of the rectifier and inverter sides in the 2PS, correspondingly, when the 2PS in Fig. 6(a) is initially operated at a normal mode. By contrast, Figs. 13 and 14 present the simulation results of the bi-pole failure mode of the rectifier and inverter sides in the 4PS, respectively, when the 4PS in Fig. 6(b) is initially operated at a normal mode. In this simulation (2PS and 4PS), at time t = 0.7 s to 0.8 s, temporary pole-to-ground DC faults are applied at point L1 − G on the rectifier side in the 2PS and at points L3−G and L4−G on the rectifier side in the 4PS as illustrated in Fig. 6(a) and (b) , correspondingly. The waveforms of the current faults are observed in Fig. 11(a) with value i d_L1−GFault = 3.8 pu for the 2PS and in Fig. 13(a) with values i d_L3−GFault = 3.2 pu and i d_L4−GFault = −3.2pu. During a monopolar failure from time t = 0.7 s to 0.72s in the 2PS, DC line current i d1_R and DC ground current i d3_R increase remarkably to 2.5 and 1 pu, respectively, as depicted in Fig. 11(k) . Moreover, Fig. 11(j) demonstrates that the DC voltage V Y 1D1_R drop to 0 at the rectifier side. This DC voltage drop is observed through the pole control and protection subsystem. Then, at t = 0.77 s, the rectifier firing angle α 1_R is forced to 166 • through the DC fault protection after detecting a low DC voltage in Pole 1, as exhibited in Fig. 11(l) . The rectifier bridges Y 1_R and D1_R now operate in the inverter mode. Thus, the voltage V Y 1D1_R becomes negative. Moreover, the energy stored in the line (+DC Line 1) is returned to AC system 1, thereby causing a rapid extinction of the fault current at its next zero crossing. Then, α 1_R is released at t = 0.82 s, and the normal DC voltages V Y 1D1_R and currents i d1_R recover in approximately 0.5 s as displayed in Figs. 11(j-l) and 12(j-l). In addition, Figs. 11(k) and 12(k) present the DC current i d3 that follows in the ground electrode is equal to −1 pu.
During a bi-pole failure from time t = 0.7 s to 0.72 s in the 4PS. The DC currents i d3_R and i d4_R increase remarkably to 2.5 pu, as illustrated in Fig. 13(k) . 2PS, respectively, when the 2PS depicted in Fig. 6(a) are initially operated at a normal mode. By contrast, Figs. 17 and 18 demonstrate the simulation results of the AC line-to-ground fault of the rectifier and inverter sides in the 4PS, correspondingly, when the 4PS presented in Fig. 6(b) are initially operated at a normal mode. At t = 0.8 s to 0.9 s, the AC line-to-ground (Phase A) fault is applied at point A−G fault at the inverter side in the 2PS and 4PS, as exhibited in Fig. 6(a) and (b) , respectively. The AC voltage drops are observed through the pole control and protection subsystems in the 2PS and 4PS.
In Fig. 16(a) for the 2PS and Fig. 18(a) for the 4PS, the ground currents i ac_A−G Fault observed during faults are 200kA and ±100 kA, correspondingly. An unavoidable commutation failure occurs at the inverter side in the 2PS and 4PS at the beginning of the fault at t = 0.8 s to 0.84s and the DC currents rapidly reach 2.5 pu at the rectifier and inverter sides in the 2PS, as displayed in Figs Fig. 15(l) ), 150 • (see Fig. 16(l) ), 140 • (see Fig. 17(l) ), and 150 • (see Fig. 18(l) ) through the DC fault protection after detecting a low DC voltage. When the AC line-to-ground faults in the 2PS and 4PS are cleared at t = 0.9 s, the 2PS and 4PS recovers in approximately 0.35 s after fault clearing.
Finally, Figs. 15-18 demonstrate that the voltages and currents during the AC line faults are not excessive current capacity and voltage stresses for an extended period.
IV. DISCUSSION
Most of the HVDC transmission systems are 2PS constructed with ground/sea electrodes. According to Figs. 11(k) and 12(k), the DC current flows in the ground electrode of 2PS under mono-pole operation is −1 pu (1 pu = 2kA). Thus, the electrical energy losses e EL by ground electrode calculated by Equation (39)
The thermal energy e TH can be calculated by Equation (40) e TH = mc s T
where, m is the soil mass in kg, c s is the specific heat capacity in J kg • C, and T is the temperature change in • C. Equating energies e EL = e TH for conversion of electrical energy to thermal energy. Therefore, the soil temperature change can be calculated as in Equation (41)
According to Equation (41), the heat dissipated by an electrode in the surrounding soil/water contributes to increasing the temperature of the earth. This adverse effect on the environment increases with increasing the current rate and operating time of the conventional 2PS HVDC transmission. Besides the absence of the ground electrode or metallic return in the proposed 4PS, the 4PS has more complicated operating modes than the conventional 2PS, which are shown in Tables 1 and 2 . The outage effects of each component on the system reliability performance in the 4PS and 2PS are illustrated in Fig. 2 (a and b) , respectively. In Fig. 2 (a) each pole outage causes 50% the system loses of its capacity, whereas, each pole outage in Fig. 2 (b) causes 25% the system loses of its capacity. According to Figs. 11(d) and 12(d) for 2PS and Figs. 13(d) and 14(d) for 4PS, each circuit (loop current) in 2PS and 4PS capable of 50% of total system capacity. Therefore, from reliability logic perspective, the proposed 4PS configuration is equivalent to four parallel 2PS circuits. These four-effective parallel 12-pulse circuits and the outage effects of each component on the system reliability performance are shown in Fig. 19. From Fig. 19 (a) , all six-pulse bridges and DC lines in the 4PS are the common components between two circuits. For example, DC line 2 is a common component between circuit 1 and circuit 2.
The DC lines 1 and 2 outages, are shown in Fig. 19 (b) , results in a bi-pole outage (poles 1 and 2), on the one hand, and allow the healthy poles (poles 3 and 4) of the 4PS to operate as a typical bi-pole HVDC transmission with 50% of the total system capacity, on the other.
Similarly, poles 2 and 3 outage cause 50% the system loses of its capacity as shown in Fig. 19 (c) ; poles 3 and 4 outage cause 50% the system loses of its capacity as shown in Fig. 19  (d) ; poles 4 and 1 outage cause 50% the system loses of its capacity as shown in Fig. 19 (e) .
V. CONCLUSION
A 4PS for LCC HVDC transmission has been proposed and successfully applied to eliminate ground electrode or metallic return on an LCC HVDC system. The analysis performed in this study provides interesting comparisons between the technical performances of the proposed 4PS and the standard reference 2PS. The success of the system has been defined based on the significant advantages in terms of economic cost, power losses, reliability and density of power transmission with respect to the conventional 2PS over most of the length range analyzed. These advantages can be summarized as follows: 1) Reduce the installation and operation costs of LCC HVDC transmission by eliminating the installation and operation costs of the HVDC electrode or metallic return. This also results in eliminating the adverse effects on the environment that causes by electrode. 2) From the physical perspective, the proposed 4PS configuration is equivalent to two parallel single 12-pulse 2PS systems. By contrast, from the reliability logic perspective, the proposed 4PS configuration is equivalent to four parallel 12-pulse 2PS systems. The reliability of one circuit of the 4PS is equal to that of one circuit of the 2PS. Therefore, with an increased number of parallel circuits, the reliability of the proposed 4PS has improved over the conventional 2PS. 3) For the same power transmitted in the 2PS and 4PS, the proposed 4PS can reduce the DC line current by approximately 50% in comparison with the conventional 2PS. Therefore, the power losses of a sixpulse bridges in the 4PS has reduced by 50% over the 2PS.
4) For the same power transmission in the 2PS and 4PS, the capacity transmitted in a unit space radius through the proposed system lines increases by √ 2 times over the conventional 2PS lines. 5) Moreover, for the same DC voltage rating of a sixpulse bridge unit in the 2PS and 4PS, the land width occupied by the square arrangement of four DC lines in the proposed 4PS is reduced by 50% in comparison with the two DC lines in the conventional 2PS. Thus, remarkable power capacity is transmitted in lesser land occupied by the 4PS lines than the 2PS, and the investment is reduced. 6) For the same DC voltage rating of the six-pulse bridge unit in the 2PS and 4PS, the proposed system can reduce the line-to-line voltage levels to 50% over the conventional 2PS. 7) For the same line losses in the 2PS and the 4PS, the overall cumulative size of conductors required in the proposed 4PS is 8 12 times smaller than the conventional 2PS (in the case of two HVDC conductor and one metallic return). The proposed 4PS have been verified by simulation with a 2000MW full-scale model using MATLAB/Simulink.
